Objective-To assess the acute effects of single and repeated coronary artery occlusions, during percutaneous transluminal coronary angioplasty (PTCA), on left ventricular long axis function in patients with stable and unstable angina. Design-Prospective examination of ventricular systolic and diastolic long axis function using M mode echocardiography and transmitral Doppler in patients with significant coronary artery stenosis and either stable or unstable angina, during routine PTCA. Setting-A tertiary referral centre for heart disease with cardiac catheterisation and echocardiographic facilities. Subjects-36 patients, age (SD) 60 (8) years, with significant coronary artery disease undergoing PTCA (mean duration 100-130 seconds) to the left anterior descending coronary artery (LAD) in 18 patients, native LAD or its vein graft in eight, and right coronary artery in 10. Controls were 21 normal subjects, age 58 (11) years. Results-At baseline: in systole, total long axis excursion was reduced at septal, posterior, and right sites in patients with LAD disease, at right site in those with vein grafts, and at septal and right sites in patients with right coronary artery disease. Peak shortening rate was often reduced in all patients and onset of shortening delayed with respect to the Q wave in patients with LAD disease. In diastole, onset of lengthening was always delayed, peak lengthening rate reduced, and relative A wave amplitude increased in all patients. There was a consistent abnormal shortening of the long axis during the isovolumic relaxation period in the 14 patients with unstable angina, not seen in the others. Transmitral A wave velocity was also increased and the onset of E wave delayed with respect to A2. Atfirst balloon inflation: the extent of pre-existing systolic and particularly diastolic abnormalities consistently increased in patients with LAD or right coronary artery occlusion. This was associated with further delay in the onset of the transmitral Doppler E wave as its peak velocity fell and E/A ratio increased. In unstable angina, balloon inflation caused minor changes only in systolic function and no change in diastolic function. At second balloon inflation: systolic changes were the same as with the first inflation, while diastolic changes were attenuated by 10-15%. Conclusions-In stable angina intracoronary balloon inflation aggravated pre-existing systolic and diastolic abnormalities in the territory of the occluded vessel, indicating the dependence of both on coronary flow. In unstable angina balloon inflation caused only minor deterioration in systolic function, and diastolic changes-including the characteristic abnormal shortening during isovolumic relaxation-were unaffected. Thus resting abnormalities of left ventricular function in unstable angina are effectively dissociated from acute changes in coronary flow. Overall, the severity of systolic disturbances was unaltered by a second balloon inflation, but diastolic disturbances were attenuated by 10-15%, compatible with ischaemic preconditioning or recruitment of collaterals. (Heart 1997;77:338-345) Keywords: balloon inflation; long axis function; preconditioning; myocardial injury
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The function of the left ventricle depends on the coordinate action of circumferentially and longitudinally oriented myocardial fibres. The latter, which can readily be studied by echocardiography, are very sensitive to the presence of coronary artery stenoses. In patients with stable angina, ventricular long axis disturbances are present in the absence of symptoms,' and tend to normalise after successful coronary angioplasty.' In unstable angina, these long axis disturbances are more severe and more generalised, and their severity is related to that of the symptoms rather than that of the coronary artery disease itself.3 Against this background, we designed the present study to observe the acute effects of an occlusion of a single coronary artery on left ventricular long axis function, by balloon inflation, during routine coronary angioplasty. We aimed to observe how acute occlusion of the subtending coronary artery would interact with the preexisting long axis disturbances and to define differences in response between patients with stable and unstable angina. Finally, we wanted to compare any differences in the wall motion response between first and second coronary balloon inflation in these patients which might be attributed to ischaemic preconditioning. 1) we measured the total long axis excursion as the extent of motion between the innermost point (towards the ventricular cavity), around the second heart sound, and the outermost point Effects of acute coronary occlusion and previous ischaemic injury on left ventricular waUl motion in humans (10) 90 (6) fig 3) , balloon inflation was without any consistent effect on any of the 16 variables studied reflecting long axis behaviour or transmitral velocities.
In patients with multivessel disease and LAD angioplasty the effect of balloon inflation selectively affected the septum both in systole and diastole. However, in patients with isolated LAD disease, only the systolic abnormalities were exaggerated at the septum, while the diastolic abnormalities deteriorated consistently at the septum and the free wall. Only the latter condition was associated with a reduction in transmitral E wave velocity and E/A ratio and with delayed onset of the E wave from A2. In patients with right coronary disease, there was no significant difference in the response to balloon inflation between patients with single and multivessel disease.
COMPARISON BETWEEN FIRST AND SECOND BALLOON INFLATIONS
In 22 patients (table 8) , five with unstable angina, we were able to obtain long axis recordings during the first and second balloon inflations of the procedure. The extent of alteration in systolic function was effectively the same with first and second inflations. However, in diastole, apart from the abnormal shortening during isovolumic relaxation which did not change, the effect of the second inflation on the remaining variables was consistently less than the first at the left site. Here, the onset of lengthening was less delayed, lengthening velocity greater, the extent of A wave excursion reduced, and the peak rate of atrial shortening increased. In the remaining patients studied it was not technically possible to obtain long axis recordings during the second inflation.
Discussion
It has been appreciated since the time of William Harvey that normal left ventricular contraction involves the coordinated action of circumferentially and longitudinally directed fibres.5 Shortening and lengthening patterns of the longitudinally directed fibres are frequently abnormal in coronary artery disease,' and indeed a series of disturbances was present in our patients under baseline conditions similar to those we have described previously in stable' and unstable angina.3 These disturbances were both systolic and diastolic in timing. In systole, there was a reduction in total long axis excursion, delayed onset of shortening with respect to the Q wave of the ECG, and reduced shortening velocity. In diastole, the onset of lengthening with respect to the second heart sound was delayed, early diastolic lengthening velocity was reduced, and relative A wave excursion was increased. The subgroup of patients with unstable angina also showed a marked abnormal shortening during isovolumic relaxation. 3 The results of this study show that coronary occlusion by a balloon inflation of mean duration 100-130 seconds had clear effects in patients with chronic stable angina. In systole there was a further reduction of total excursion, delay in the onset of shortening, and reduction in shortening velocity. In diastole the onset of long axis lengthening was further delayed with respect to the second heart sound, lengthening velocity was reduced, and A wave excursion increased. These disturbances nearly always occurred in previously abnormal segments. They were very similar in their nature to those occurring under resting conditions, although their extent was greater. However, they were more clearly localised to the septal site in patients with two vessel coronary artery disease and LAD occlusion, to the septal and left sided long axes with isolated left Effects of acute coronary occlusion and previous ischaemic injury on left venticular waUl motion in humans (9) 105 (10)4 85 (20) 100 (10) Posterior 82 (5) 103 (15) 100 (20) 91 (5) 105 (17)1 88 (8) 100 (5) *P < 0-05, lP < 0-005, tP < 0 01, *P 0 001 (paired t test), § v baseline stable angina.
LAD, left anterior descending coronary artery; A2, second heart sound; E, early diastolic left ventricular filling; A, late diastolic left ventricular filling.
anterior descending artery occlusion, and to the right and posterior long axes with right coronary artery angioplasty. angiographically,'011 corresponding with our observations on the rate and extent of long axis shortening. Changes in wall motion were not identical during the second balloon inflation compared to the first, even though it lasted longer and a higher inflation pressure was used. The extent of diastolic changes during the second inflation was consistently less, though those in systole were apparently unaltered. The reduction in severity of long axis disturbances with second balloon inflation amounted to 10-15% of that occurring with the first and appeared most consistently in the left long axis, representing the left ventricular free wall. These results shed light on the pathophysiology of the disturbances of long axis motion seen in coronary artery disease. In chronic stable angina, acute coronary occlusion consistently aggravates long axis abnormalities which already exist before balloon inflation, in the territory of the affected artery. This is compatible with the idea that under resting conditions disturbances in long axis function directly reflect the severity of the stenosis in the subtending coronary artery. On the other hand, in unstable angina balloon occlusion had only minor effects on pre-existing systolic long axis abnormalities and none at all on those in diastole. In particular, in no case did coronary occlusion induce or aggravate abnormal shortening during isovolumic relaxation, the characteristic abnormality in unstable angina.3 This dissociation between balloon inflation and functional change suggests that in unstable angina the disturbance to long axis function no longer reflects the severity of coronary stenosis, and therefore that another mechanism must be involved. This additional factor is likely to be some form of reversible myocardial injury, no longer directly dependent on coronary blood flow, though caused by previous ischaemia. A reduction in the severity of the manifestations of myocardial ischaemia with a second balloon inflation has been interpreted in previous studies as being a model of ischaemic preconditioning of the myocardium.15 If this is indeed the case and if these ideas can be extrapolated to the long axis, then in the human heart ischaemic preconditioning appears to have a greater influence on diastolic than on systolic myocardial function, as shown by its effect in patients with isolated left anterior descending coronary artery disease. There is, in fact, little published information about the nature of the improvement in diastolic left ventricular function caused by ischaemic preconditioning in the clinical setting,'5-17 though mean pulmonary artery pressure and left ventricular end diastolic pressure are lower with the second inflation.
This study had technical limitations. The degree of coronary artery stenosis was estimated visually, in line with current clinical practice. Obviously, there were no normal controls for coronary angioplasty, so that changes in long axis behaviour with balloon inflation had to be interpreted in the light of the pre-existing changes. We did not formally quantify the extent of collaterals, and so are unable to assess any role they may have had in modifying the results, particularly in explaining differences between the effects of first and second balloon inflations.'8 The duration of balloon inflation was determined purely on clinical criteria, so that in a minority values were below 90 seconds, which has been suggested as a threshold in man.'920 It is also possible that the development of pain in the 48-72 hours before the procedure might have itself led to preconditioning by the "second window" effect. Although the long axis motion can readily be recorded and measured from the apical four chamber view, the operator's access to the patient's chest was limited during an invasive procedure, as was the time allowed for recording, so it did not prove feasible to obtain a series of long axis recordings throughout the procedure and the recovery period or between balloon inflations. More females were involved in the control group, but in previous studies we have shown that gender has no effect on long axis function."
Our results provide further evidence underlining the validity of left ventricular long axis measurements as a useful non-invasive method of investigation for coronary artery disease in clinical practice. They are sensitive to acute as well as chronic ischaemia, suggesting that the abnormalities present at rest and in the absence of symptoms in patients with stable angina directly reflect the presence of coronary stenosis. Inward motion during isovolumic relaxation, as occurs in unstable angina, appears qualitatively different and seems to represent a form of ischaemic myocardial injury not directly dependent on coronary blood flow. Nevertheless, all these segments showed active shortening during systole, and thus performed external work to the circulation, so that myocardial infarction could be excluded. The dissociation of abnormal myocardial function from acute alterations in coronary flow therefore corresponds closely with myocardial stunning as occurs in animal models," and indeed might form a functional definition of it in man. Finally, the difference between the effects of the first and second balloon inflations has been attributed to the effects of ischaemic preconditioning. If this is the case, then these appear to be more obvious in diastole than in systole in humans. Further studies might be useful in confirming the effects of coronary angioplasty on diastolic function as a practical model for defining the effect to which myocardial injury depends directly on coronary flow and for investigating possible effects of ischaemic preconditioning on ventricular function in man. Both would have obvious theoretical and clinical consequences.
